BACKGROUND Our aims were to identify and characterize the glottal response to esophageal mechanostimulation AND AIMS:
BACKGROUND
Gastroesophageal reflux (GER) is a serious challenge across the age spectrum. The causal role or association of GER with infant morbidity including dysphagia, chronic lung disease of infancy, and apparent life-threatening events is not well understood (1) (2) (3) . During GER events, esophageal distention and airway symptoms can occur together. The underlying mechanism of airway symptoms caused by GER is not known in health or disease in human infants. Therefore, defining the relationship between esophageal provocations and resulting airway responses in healthy infants is a prerequisite to understanding abnormality.
Studies from human adults (4-9) and infants (10) (11) (12) have characterized the basal mechanisms and adaptive reflex interactions within the esophagus using esophageal manometry and provocation methods. Such responses include the barrier functions of the upper esophageal sphincter (UES) and lower esophageal sphincter (LES), or clearance mechanisms with secondary peristalsis (SP) and deglutition sequences. Furthermore, the glottal interactions resulting from esophageal provocation have been characterized using fluoroscopy or invasive endoscopic methods to visualize the laryngeal adduction concurrent with esophageal manometry in human adults (4, 5) and animal models (13) . Use of similar methods in the assessment of glottal responses in infants is not realistic in the states of health or GER disease (GERD). The methods used in previous studies (5) require placement of the endoscope via the transnasal route, positioning the endoscope above the glottis, and the use of local anesthetic agents.
Such procedures are expensive and not feasible for prolonged esophageal-glottal assessment in infants.
Endoscopy methods may stimulate a broader sensory field, and responses are difficult to interpret in infants. Furthermore, use of endoscopic techniques might not be practical owing to increased predilection to apparent life-threatening events, gagging, choking, and obstructive apneas, which are common in infants at risk (chronic lung disease, vocal cord paralysis, or neurological impairment). Whether any of these symptoms is related to esophageal provocation is unclear. Therefore, we developed and validated a noninvasive cribside approach to evaluate glottal motion using ultrasonography of the glottis (USG) during concurrent nasolaryngoscopy in infants (14) . Application of the concurrent USG with esophageal provocation may therefore be feasible to evaluate the glottal response upon esophageal stimulation in human infants (15) .
Recently, using esophageal manometry and provocation techniques, we have validated and clarified the nature of esophageal peristaltic reflexes and UES contractile responses evoked upon esophageal distention in healthy infants (10, 16) . By applying a specific stimulus at a targeted esophageal locus, evaluation of the glottal response may then be possible during concurrent esophageal manometry and USG.
The aims of the current study were to identify and characterize the glottal response to abrupt esophageal mechanostimulation in healthy human infants. We tested the hypotheses that upon esophageal provocation, the glottal response is related to the: (a) type of esophageal peristaltic response, (b) stimulus volume, and (c) respiratory phase. We investigated this hypothesis by analyzing the characteristics of esophageal peristaltic reflexes concurrent with glottal motion characteristics during concurrent esophageal manometry and USG.
MATERIALS AND METHODS

Participants
We studied 10 healthy orally fed neonates (6 male, 4 female, 25-36 wk gestation at birth, and 35-43 wk corrected gestation at evaluation). Approval was obtained from Columbus Children's Research Institute/Columbus Children's Hospital Institutional Review Board. Informed consent was obtained from parents prior to study, and IRB and HIPAA compliance were followed.
Esophageal Manometry
Subjects underwent esophageal manometry as described by us before (10, 12, 16) . Briefly, a specially designed esophageal manometry catheter (Dentsleeve/Mui Scientific, Mississauga, Canada) was passed nasally without using sedation or anesthesia. The catheter consisted of a UES sleeve to identify UES positioning, 5 side ports to record luminal pressure changes, and a mid-esophageal infusion port to infuse air stimuli. The catheter assembly was connected to the pneumohydraulic micromanometric water perfusion system via the resistors (Mui Scientific) and pressure transducers (TNF-R, Becton Dickinson, Franklin Lakes, NJ) and amplifiers (UPS 2020, MMS, Dover, NH). All studies were done in the supine position, with the transducers at the level of the subject's esophagus (mid-axillary line). Thoracic and abdominal respiratory movements were recorded with respiratory inductance plethysmography (Respitrace, Viasys, Conshohocken, PA). Vital signs were also recorded concurrently to document subject safety.
Concurrent Ultrasonography (USG)
USG was performed as described by us before (14) . In this study, USG was performed concurrent with manometry using a Siemens Acuson Sequoia 512 ultrasound system (Mountain View, CA) equipped with a 15-18 MHz linear array transducer (operating between 12 MHz and 14 MHz). The ultrasound transducer was placed on the anterior neck, using gel as an acoustic coupling medium (Fig. 1) . The sonographic plane during the study was maintained by direct observation on the ultrasound system. The video output signals (30 Hz) derived from USG were integrated and synchronized in real time with manometry signals using the Meteor 2 video card (MMS, Dover, NH). This technique allowed analysis of USG images, frame by frame, with concurrent manometry tracing, as shown in Figure 2 . 
Experimental Protocols
Studies were performed in healthy infants that were progressing with oral feedings and were not on any respiratory stimulants, neuroactive agents, prokinetics, or acid-suppressive medications. This protocol examined aerodigestive reflexes; hence, the PI and the nurse monitored the infant carefully to ensure subject protection.
After infants were allowed to adapt to the catheter systems, air stimuli were injected abruptly via the mid-esophageal infusion port ( Fig. 1 ) during a period of esophageal manometric quiescence to determine the threshold volume to elicit esophageal reflexes as described (10) .
Subsequently, USG was performed concurrent to esophageal manometry (Fig. 1) . USG images and manometric signals were acquired and integrated in real time by the MMS motility system, concurrent with respiratory inductance plethysmography. During a period of esophageal quiescence, air was infused abruptly and the glottal motion characteristics (14) and esophageal peristaltic reflex characteristics were evaluated (10, 12) .
Because the main objective of this study is to evaluate the glottal responses in relation to esophageal responses, suprathreshold infusion volumes (1 mL and 2 mL) were chosen to ensure higher success rates and better consistency with esophageal responses. The order of infusions was: 1 mL infusions first, followed by 2 mL infusions. This was predefined. However, the infusions were given randomly with respect to the respiratory phase, as the investigator giving the infusion had no control of the respiratory pattern of the infant. The timing of infusion administration was predefined as follows: (a) infusions were given during a period of manometric pharyngeal and esophageal quiescence, (b) esophageal clearance must have ensued from the previous stimulus, and (c) infusions were given during a period of quiet breathing.
The above approach was used to ensure absence of residual effects of stimulus and prevent the impact of ongoing waveform suppression at proximal and distal esophageal loci. Administration of the stimulus was documented via the manometric signal (Fig. 2 ). All studies were performed at the cribside in the nursery.
Data Analysis
The deglutition response upon esophageal stimulation was defined as the pharyngeal waveform associated with UES relaxation and propagation into the proximal, middle, and distal esophageal segments. The onset of the pharyngeal waveform peak from the stimulus onset defines the response latency for the deglutition response.
SP is defined as the propagation of waveforms into the proximal, middle, and distal esophageal segments in the absence of pharyngeal waveform and UES relaxation. The onset of proximal esophageal upstroke from the stimulus onset defines the response latency for SP.
Frame-by-frame analysis was done to identify the characteristics of glottal closure (Fig. 2) . Data analyzed manually by three observers (SRJ, AG, and BC) were as follows. First, the presence or absence of glottal adduction was documented. Second, duration in milliseconds for (a) onset of glottal adduction (EGCR response time), (b) glottal adduction onset to complete adduction, and (c) the duration of complete glottal adduction were calculated (from the onset of complete adduction to the onset of glottal abduction). Third, response times for the esophageal reflexes in seconds (SP or deglutition) were measured. Lastly, the respiratory phase in which infusion was given and the respiratory phase of the onset of glottal adduction were evaluated. Comparisons were also made between the 1.0 mL and 2.0 mL volumes.
Statistical Analysis
The data for this study consisted of several measurements per subject. The frequency of peristaltic response to stimulus was divided into three categories: SP or deglutition or none. Multinomial logistic regression models with a cluster variable for subject were used to analyze the relationship between the frequency of peristaltic infusion and the variables (EGCR response time and EGCR closure time). These models take into account the correlation in observations within the subject.
Univariate logistic regression with subject as a cluster variable was used to analyze the relationships between the binary outcome variable (presence/absence of EGCR) and each of the esophageal peristaltic response variables. The same model was used to analyze the relationship between the EGCR and each of the continuous variables (peristaltic response time, stimulus volume, and respiratory phase during stimulus). Similar analyses were again performed for the respiratory phase (inspiration or expiration) during glottal closure with each of the predictors listed above.
Mixed models with a random effect for subject were used to study the relationships between all the continuous outcome variables (peristaltic response time, EGCR response time, and EGCR closure time) and stimulus volumes and also respiratory phase during infusion. STATA (version 9, StataCorp LP, College Station, TX) was used to perform the analyses. Means (SD = standard deviations) are reported, unless stated otherwise; P values less than 0.05 were considered statistically significant.
Using the 41 stimuli as sampling units, a study would have more than 95% power to detect any of the differences in mean response time observed in this study. In addition, there would be 94% power to detect the smallest difference in proportions observed in this study (0.85-0.44).
RESULTS
Subject Characteristics
Infants (N = 10) were of appropriate growth for gestation at birth: weight 1.3 (0.7) kg, length 35.8 (5.4) cm, head circumference 25.8 (3.4) cm. The median APGAR scores were 4 and 7 at 1 and 5 minutes, respectively. At evaluation, the cohort was normally distributed with respect to the corrected gestational age (mean 39.2 wk, SD 2.4 wk, median 39 wk, range 35-45 wk) and had age-appropriate growth parameters (mean weight 2.8 kg, SD 0.5 kg; mean length 46 cm, SD 2 cm; and mean head circumference 34 cm, SD 2 cm). At evaluation, all subjects were healthy and physiologically stable and were transitioning to oral feeds. At discharge, all subjects were safely receiving feeds via the oral route.
Clinical Observations During Concurrent Esophageal Manometry and USG of Glottis
Concurrent recordings were performed over a period of up to 15-20 minutes per subject. Infants tolerated the concurrent procedure without any discomfort. The glottal motion was observed during inspiration and expiration with reference to respiratory inductance plethysmography. Complete glottal adduction was not observed during esophageal quiescence or during normal breathing. However, during esophageal provocations, complete glottal adduction was noted, and the characteristics are further described below.
Relationship Between Esophageal Responses and Glottal Closure
Glottal adduction upon esophageal provocation was recognized: the EGCR occurred with 34 of 41 air stimuli (83% responses). During these stimuli, deglutition occurred in 18 (44%), SP in 14 (34%), and no esophageal response in 9 (22%) stimulations. The relationship between the presence or absence of SP and the presence or absence of EGCR was similar (Fisher exact test, nonsignificant) . Similarly, the relationship between the presence or absence of deglutition and the presence or absence of EGCR was similar (Fisher exact test, nonsignificant). Therefore, we can assume that the occurrence of reflexes is independent.
We also evaluated the relationship between deglutition, SP, or absence of esophageal response and glottal closure using logistic regression methods. The odds ratios (OR, 95% CI) for the occurrence of SP with EGCR (0.4, 0.06-2.2), deglutition with EGCR (1.9, 0.1-26), and the absence of esophageal response with EGCR (1.9, 0.4-9.0) were statistically nonsignificant. Therefore, we can assume that the occurrence of reflexes is independent. Next, we analyzed the response time of EGCR with the response latency for the occurrence of SP or deglutition or lack thereof ( Table 1 ). The response times for the occurrence of EGCR with either SP or deglutition were 11-fold faster than the peristaltic reflexes (P < 0.001), thus suggesting existence of different reflex pathways for peristaltic reflexes and EGCR.
Next, we analyzed the duration of complete glottal closure during esophageal responses. The glottal closure durations were similar regardless of the esophageal events (Table 1) .
Relationship Between the Stimulus Volume and EGCR Response Acuity
Glottal closure response acuity or the intensity of the glottal closure response was measured by (a) the response latency to the onset of EGCR and (b) the duration of glottal closure. To test the relationship between glottal closure and infusion volume, we compared the response latency and the durations of EGCR, at 1 mL and 2 mL volumes (Fig. 3) . No differences were found in the response times for EGCR between Figure 3 . Effect of graded esophageal air stimuli on response latency and magnitude of glottal adduction. EGCR response time (gray cones) and glottal closure duration (black bars) at 1 mL and 2 mL volumes are shown. At the higher volume, the glottis takes a longer period to adduct, and remains fully adducted for a significantly longer period (P < 0.03).
the infusion volumes tested (P > 0.05, regression analysis). However, the glottis remained completely adducted by a 2-fold duration at higher infusion volumes (P < 0.02, logistic regression).
At 1 mL volume, the response latency (least squares means, 95% CI) to the onset of peristaltic response (3.4 s, −1.1 to 1.1) and EGCR (0.38 s, −0.15 to 0.15) were different (P < 0.001). Also, at 2 mL volume, the response latency to the onset of peristaltic response (3.7 s, −1.2 to 1.2) and EGCR (0.43 s, −0.17 to 0.17) were different (P < 0.001).
Relationship Between the Respiratory Phase and EGCR Response Acuity
The respiratory phase during which the infusions were given was recognized, as well as the phase during which glottal adduction occurred (Figs. 2 and 4 ). An example of four scenarios for the occurrence of EGCR in relation to respiratory phase is described (Fig. 4) . Twenty-eight infusions were given during inspiration, and 13 given during expiration.
EGCR occurred 86% of the times when infusions were given during inspiration (14% absence of glottal closure). Within which, glottal adduction was noted in inspiration (71%, Fig. 4B ), as well as in expiration (29%, Fig. 4C ). EGCR occurred 77% of the times when infusions were given during expiration (23% absence of glottal closure). Within which, glottal adduction was noted in expiration (70%, Fig. 4D ), as well as in inspiration (30%, Fig. 4E ). The odds ratio of EGCR occurrence in inspiration was 5.6 times (CI 2.5-13.1, P < 0.0001) higher than in expiration, when the esophagus was provoked in inspiration.
The adjusted response latency of EGCR and duration of glottal closure in relation to the respiratory phase of esophageal provocation are described in Table 2 . EGCR occurrence was quicker during expiration (P < 0.02, scenario D in Fig. 4 ) and was delayed during inspiration (scenario B in Fig. 4) . However, the duration of glottal adduction was independent of the respiratory phase of esophageal provocation. , and E) for the occurrence of EGCR (horizontal bars) in relationship to the respiratory phase of the given infusion (arrows) is shown. All stimuli were given randomly with respect to the respiratory phase. Scenario (A) represents basal respiration seen during esophageal quiescence. In (B), infusion was given during inspiration and glottal adduction occurred in inspiration. In (C), infusion was given in inspiration and glottal adduction occurred in expiration. In (D), infusion was given in expiration and glottal adduction occurred in expiration. In (E), infusion was given in expiration and glottal adduction occurred in inspiration.
DISCUSSION
In this study, we reveal the unique relationship between the esophagus and glottis in human infants. This is the first systematic study characterizing the EGCR using novel manometry provocation methods concurrent with noninvasive USG.
The salient features of this study are: (a) the use of USG as a noninvasive method to evaluate glottal motion during esophageal provocation at any age, (b) the recognition of glottal closure reflex upon esophageal provocation, (c) the independent existence of glottal closure reflex and esophageal peristaltic reflex responses upon provocation, (d) the different response latencies of the aerodigestive reflexes with esophageal stimulation, (e) the volume-dependent increase in glottal closure duration, and (f) the occurrence of glottal closure in both phases of respiration.
The presence of EGCR has been described in the adult human and feline models before using videoendoscopic methods concurrent with esophageal manometry (5, 13) . Such methods run the risk of invasiveness and application of anesthetics, which may expand or modify the area of sensory stimulation, respectively. Hence, wider applications of those methods to study physiology or pathophysiology in health or diseases of the infant esophagus are not feasible. This report describes the techniques and methodology to characterize the interesting relationship between the glottis and esophagus that could distinguish physiologic from pathophysiologic conditions crosscutting all ages. Glottal adduction can be protective against aspiration during swallowing or belching (17) (18) (19) or during pharyngeal or esophageal provocation (5, 20) . Glottal adduction can also increase airway resistance during cough or airway hyperreactivity (21) . GER events may cause supraesophageal or extraesophageal symptoms in infants (22, 23) ; however, the methods to describe the direct association between esophageal distention and glottal motion have not been adequate. Evaluation of glottal function using endoscopy methods in infants suffering with anterograde or retrograde aspiration can be limited to identification of gross structural pathology and vocal cord movement (24, 25) .
In the current study, we have quantified the sensory-motor characteristics of EGCR. Both esophageal reflexes and glottal adduction occurred independently, as shown by the significant differences in frequency occurrence and response latency. This may suggest that these reflexes may be activated by different receptors, and the functions may be complementary. That airway closure may be a hypervigilant response is suggested by the occurrence of EGCR 10-12-fold earlier than the peristaltic reflexes.
The occurrence of peristaltic reflexes favoring esophageal clearance and preventing the entry of stimulus into the proximal aerodigestive tract can be protective during health. However, infants born prematurely or those surviving with chronic lung disease are at increased risk of dysphagia, GERD, and esophageal dysmotility. These conditions may result from failure of protective aerodigestive reflexes. Future studies are possible to evaluate the pathophysiology of EGCR in infants at risk of airway compromise. Lack of invasiveness to study glottal motion may be more acceptable to study the differences in health or disease across the age spectrum. Furthermore, this approach will minimize stress (crying in infants) during evaluation that may otherwise confound the findings.
The relationship between esophageal peristaltic response and glottal closure was examined. The odds ratios for the occurrence of EGCR with the presence or absence of peristaltic reflex were statistically nonsignificant, thus suggesting independent occurrence of these phenomena. Duration of glottal adduction increased significantly in response to an increase in the volume of air stimulus. Glottal adduction in this context may be considered an enhancement of airway protective function with greater bolus volume or esophageal distention, which may modify the afferent-efferent interactions.
During normal respiration, vocal cords move but are not closed completely to facilitate transport of air. However, upon esophageal mechanostimulation, abrupt closure of vocal cords in both phases of respiration was noted. The administration of the stimulus was random with regard to the respiratory phase. Esophageal mechanostimulation may stimulate the esophageal stretch receptors and the vagal afferents, transmitting sensory impulses to the brain stem. The efferent signals traverse in the vagus via the recurrent laryngeal and superior laryngeal nerves to the laryngeal adductor muscles. Recruitment of different esophageal afferent pathways may have activated different motor pathways: peristaltic reflexes and glottal closure reflex. The fact that EGCR occurred in either respiratory phase suggests that closure of the glottal opening took precedence over the completion of the respiratory phase.
The relationship with respiratory phases and the EGCR may also suggest an interruption of neuronal discharge to the respiratory center. When the infusion was given in inspiration, the response latency for glottal adduction was significantly prolonged compared to the infusion given during expiration. However, the glottal closure duration was similar. This may be due to several possibilities: (a) regulation of glottal adduction and glottal respiratory motion are independent, or (b) during inspiratory esophageal stimulus, the prolonged time necessary to result in glottal adduction may be needed to overcome the inspiratory neuronal discharge, during which the glottis is normally in an abducted state.
The regulation of the inspiration-expiration cycle by chemoreceptors, mechanoreceptors, and nociceptive receptors has been known in human or animal models (26) (27) (28) (29) . Glottal closure during inspiration may be protective in that esophageal luminal contents are prevented from being inhaled as in retrograde aspiration. Furthermore, glottal closure during expiration may support an exaggerated protection or hypervigilant state of the airway. Nevertheless, glottal closure increases airway resistance and alters respiratory mechanics during esophageal provocation, such as GERD (28) (29) (30) . Further studies are needed to evaluate esophageal-glottal interactions in order to understand the pathophysiology of chronic lung disease of infancy.
In conclusion, we have demonstrated the existence of esophageal-glottal interactions in human infants using concurrent manometry and ultrasonography of the glottis. Esophageal mechanostimulation resulted in esophageal peristaltic responses and a glottal adduction response, regardless of the phase of respiration. Thus, esophageal afferent stimulation resulted in esophageal efferent outputs recorded as peristaltic reflexes, and also glottal efferent outputs recorded as glottal adduction. It is likely that such reflexes may provide airway protection during GER events, belching, swallowing, or emesis in infants. The methods described in this article can be applicable to study esophageal-glottal interactions crosscutting across all age spectrums.
STUDY HIGHLIGHTS
What Is Current Knowledge r Defining the protective role of glottal function during aspiration remains a challenge across the age spectrum.
r Esophago-glottal closure reflex (EGCR) has been characterized in adults and feline models using fluoroscopy or invasive endoscopic methods.
r However, such studies are not feasible in infants at risk.
What Is New Here
r EGCR has been defined in neonates using novel methods at cribside concurrent esophageal manometry and ultrasonography of the glottis.
r EGCR occurs upon esophageal mechanostimulation independent of peristaltic reflexes.
r These methods may permit evaluation of the relationship between the esophagus and glottis safely, and may be applicable across all ages.
